Calmodulin (CaM), a multifunctional Ca 2+ sensor, mediates multiple reactions involved in regulation of plant growth and responses to environmental stress. In this study, we found that AtCaM4 plays a negative role in freezing tolerance in Arabidopsis. The deletion of AtCaM4 resulted in enhanced freezing tolerance in cam4 mutant plants. Although AtCaM4 and AtCaM1 were cold-induced isoforms, cam4/cam1Ri double-mutant and cam4 single-mutant plants exhibited similar improvements in freezing tolerance, indicating that AtCaM4 plays major role. Furthermore, we found that AtCaM4 may influence freezing tolerance in a C-repeat binding factor (CBF)-independent manner as cold-induced expression patterns of CBFs did not change in the cam4/cam1Ri mutant. In addition, among the coldresponsive (COR) genes detected, KIN1, COR15b, and COR8.6 exhibited clearly enhanced expression over the long term in cam4/cam1Ri mutant plants exposed to cold stress. Using immunoprecipitation and mass spectrometry, we identified multiple candidate AtCaM4-interacting proteins. Co-immunoprecipitation assays confirmed the interaction of AtCaM4 with PATL1 in vivo and a phenotype analysis showed that patl1 mutant plants exhibited enhanced freezing tolerance. Thus, we conclude that AtCaM4 negatively regulates freezing tolerance in Arabidopsis by interacting with the novel CaM-binding protein PATL1.
Introduction
Temperature can be a significant source of stress for plants. Extremely low temperatures (e.g. freezing) usually disrupt cellular homeostasis and severely impair growth and development. Plants, and especially those growing at high latitudes and high altitudes, have developed sophisticated mechanisms for dealing with low temperature stress. For example, Arabidopsis is able to sense and adapt to low temperatures, and its tolerance to cold stress can be increased by a prior exposure to low, non-freezing temperatures in a process known as cold acclimation (Gilmour et al., 1988; Thomashow, 1999; Knight and Knight, 2012) . During acclimation, transcriptional, biochemical, and morphological changes occur that enable the plants to avoid injuries caused by low-temperature stress. These include changes in membrane and cytoskeleton stability (Nishida and Murata, 1996; Thalhammer et al., 2014) and the production of cryoprotective proteins (Thomashow, 1999; Cook et al., 2004) . Low temperatures also impact on the underlying physiology of the plant, including the rates of respiratory and photosynthetic carbon metabolism. The ability to maintain growth at low temperatures is advantageous to cold-hardy plants (Atkin, et al., 2003; Atkinson et al., 2015) .
A key regulatory pathway in the low-temperature tolerance of Arabidopsis is the C-repeat (CRT) binding factor (CBF) pathway (Thomashow, 2010; Knight and Knight, 2012) . CBF genes (CBF1, CBF2, and CBF3; also known as DREB1b, DREB1c, and DREB1a, respectively) are induced rapidly and transiently when plants are exposed to cold temperatures (Baker et al., 1994; Novillo et al., 2004; Vogel et al., 2005) . Subsequently, CBF transcription factors bind to the promoters of target genes to induce the expression of a large subset of cold-responsive (COR) genes (Gilmour et al., 1998; Liu et al., 1998) . The CBF-dependent cold-signaling pathway is well studied in Arabidopsis. ICE1, a bHLH transcription factor, regulates CBF expression, and HOS1 and SIZ1 modulate ICE1 stability (Chinnusamy et al., 2003; Miura et al., 2005 Miura et al., , 2007 Dong et al., 2006) . CRPK1, a plasma membrane-located protein, co-ordinates with 14-3-3 proteins to impair the stabilization of CBFs as a type of feedback mechanism for excessive cold (Liu et al., 2017) .
In addition to the CBF-dependent pathway, there is a CBF-independent pathway of cold signaling (Fowler and Thomashow, 2002) . A gene expression analysis in Arabidopsis indicated that 2637 genes could be detected from low temperature-treated plants, of which 172 were induced or repressed by the overexpression of at least one CBF gene (Park et al., 2015) . The genes in the CBF regulon account for only 6.5% of the total number of COR genes, suggesting that CBF proteins regulate only a small portion of COR genes . Thus, some CBF-independent components must function in cold signaling, and COR genes are regulated by a complex network in response to low temperatures.
With regards to cold-induced signaling pathways, exposure to low temperatures first leads to a change in membrane fluidity followed by an influx of calcium (Ca 2+ ), which triggers downstream responses that modulate plant tolerance (Knight et al., 1996; Luan et al., 2002; Clapham, 2007) . The increased cytoplasmic Ca 2+ concentration activates various Ca 2+ sensor proteins, but how this signal is transferred within the cytoplasm is unclear. Plants possess three major types of Ca 2+ sensors: calmodulin (CaM)/CaM-like (CaML) proteins, Ca 2+ -dependent protein kinases (CDPKs), and calcineurin B-like (CBL) proteins (Cheng et al., 2002; Luan, 2009) . CaM is a small, highly conserved Ca 2+ -binding protein that plays multiple roles in plant growth and stress responses as an important component of signal-transduction pathways (Luan et al., 2002) . In Arabidopsis, seven CaM genes encode four highly conserved isoforms (CaM1/4, CaM2/3/5, CaM6, and CaM7 ) that differ in only one to five amino acid residues (McCormack and Braam, 2003; Poovaiah et al., 2013) .
In Arabidopsis, CaM has been reported to be involved in the regulation of COR gene expression under cold stress. Overexpression of CaM can inhibit the low temperature-induced expression of KIN1/2 and LTI78, indicating that CaM might also act as a negative agent with respect to COR gene expression (Townley and Knight, 2002) . However, genetic evidence for the participation of CaM in cold tolerance and its corresponding signaling pathway in vivo is lacking. This study therefore aimed to explore the cold-signaling network in Arabidopsis.
Materials and methods

Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) and mutant plants were grown on Murashige and Skoog (MS) medium containing 1% sucrose and 0.7% agar at 22 °C under a 16/8-h light/dark photoperiod for 10 d. The T-DNA insertion lines cam2 (SALK_114166), cam3 (SALK_001357), cam4 (GABI_309E09), cam1Ri, and cam4/cam1Ri were obtained from Drs Daye Sun, Liqun Zhao, and Sujuan Cui (Hebei Normal University), the pcap1 (mdp25) mutants were obtained from Dr Tonglin Mao (China Agricultural University), and the patl1 mutants were supplied by ABRC (http://abrc.osu.edu/).
Freezing-tolerance assays and survival ratio analysis
Freezing tolerance assays were performed as described by Shi et al. (2012) , with some modifications. Plants at 10 d old grown at 22 °C on 0.7% agar plates were treated with cold acclimation (CA; 4 °C for 4 d) or with no acclimation (NA) before the freezing treatment. For freezing stress, the temperature of the chamber (LT-36VL; Percival Scientific, USA) was set at -1 °C and then decreased at -1 °C h -1 until the desired temperature was reached; the temperature was then maintained for a specified period of time. Before the freezing treatment, a piece of sterile ice (750 μl) was added to each plate to ensure proper freezing of the medium occurred. After the freezing stress, plants were incubated at 4 °C in the dark for 12 h and then transferred to light at 22 °C for 6-10 d, and the survival rates were determined.
Electrolyte leakage assay
Electrolyte leakage assays were performed as described previously (Miura et al., 2005) with some modifications. Plants at 10 d old grown on plates under normal conditions were treated at -5 °C for 1.5 h. The plants were then transferred to tubes containing 5 ml of deionized water and shaken for 30 min, after which the conductivity of the solution was determined with a DDS conductivity monitor (INESA, China). The sample was then incubated at 100 °C for 1 h and cooled to room temperature, and the conductivity of the solution was again determined (i.e. 100% conductivity).
Growth assay
Plants were harvested at 10 d old, i.e. prior to any treatment, and harvests were also made after freezing stress followed by 7 d of growth at 22 °C for the CA and NA treatments. Samples (50 plants each) were oven-dried at 65 °C until a constant minimum weight had been achieved. The increase in dry weight in the treated plants was calculated as a percentage relative to that of the 10-d-old pre-treatment plants.
RNA extraction and RT-PCR
Plants at 10 d old grown on MS medium were exposed to a temperature of 4 °C for different time periods. Total RNA was extracted from whole plants using TRIZOL reagent (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized from 500 ng of total RNA using a reverse transcription system (Takara Bio Inc.). Quantitative real-time PCR assays were done using an ABI 7500 sequence detection system (Applied Biosystems) with SYBR Premix Ex Taq (Takara Bio Inc.) and gene-specific primers (Supplementary Table S2 at JXB online) according to the manufacturer's instructions. Relative quantification of the RNA levels was done using the ABI 7500 software v2.0.5 by the -2 ΔΔCT method (Livak and Schmittgen, 2001) . Semi-quantitative RT-PCR analyses of AtCaM1 and AtCaM4 transcription were performed using a RNA PCR kit (Avian Myeloblastosis Virus, version 3.0, Takara) with gene-specific primers (Supplementary Table S2 ). AtActin7 RNA was used as an internal control to normalize the data (Zhou et al., 2016) .
Plasmid construction and plant transformation
To detect the tissue-specific expression of AtCaM4 and AtCaM1, P CaM4 ::AtCaM4-GUS and P CaM1 ::AtCaM1-GUS were generated by introducing the genomic fragment (3 kb) in front of the GUS (β-glucuronidase) coding sequence in the PstI and BamHI sites of pCAMBIA1300. Detailed primer sequences are given in Supplementary  Table S2 . Transformation of Arabidopsis with Agrobacterium tumefaciens (strain GV3101) was performed by the floral dip method (Clough and Bent, 1998) . Homozygous T3 transgenic lines were used for further analysis.
Protein extraction, immunoblotting, and IP-MS
Protein extraction and immunoblotting were performed as described by Zhou et al. (2016) with some modifications. Plants at 10 d old were cold-treated at 4 °C for 3 d and then proteins were extracted using an extraction buffer [50 mM Tris-Cl, pH7.5, 150 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 0.1% NP40, 1 mM PMSF, and 1×protease inhibitor cocktail (Roche, Basel, Switzerland)]. Total proteins were separated by SDS-PAGE. Western blotting was performed using anti-FLAG antibody (Sigma). A total of 20 μl of the supernatant was collected as input. The rest of the supernatant was used for immunoprecipitation (IP) using 100 μl of anti-FLAG M2 Affinity Gel beads (Sigma). After incubation for 2 h at 4 °C, the beads were washed with 0.5 ml extraction buffer and eluted with 3 μg μl -1 3X FLAG peptide (Sigma) in extraction buffer according to the manufacturer's protocol.
MS analysis was performed as described by Huo et al. (2016) with minor modifications. The elution product was concentrated in a freeze-dryer then subjected to 10% SDS-PAGE for LC-MS/MS. The SDS PAGE gel was stained with Coomassie Brilliant Blue and cut into 1-2 mm pieces and digested in-gel by trypsin. The extracted peptides were freeze-dried using a SpeedVac, resuspended in 0.1% formic acid, and separated on a C4 reverse phase column (BioBasic, 100 μm ID ×15 cm; ThermoFisher Scientific) coupled online to a LTQ-XL linear ion trap mass spectrometer (ThermoFisher Scientific). LC-tandem MS data were acquired in data-dependent acquisition mode controlled by Xcalibur 2.0 software (ThermoFisher Scientific). The tandem MS data were searched against the proteome sequences for rice and Arabidopsis from Swiss-Prot using the Protein Prospector search engine (http://prospector.ucsf.edu/prospector/mshome.htm) (Huo et al., 2016) .
Co-immunoprecipitation assays
The expression vectors were transformed into A. tumefaciens (strain GV3101), and then the strains 35S:CaM4-MYC/35S:PATL1-GFP (green fluorescent protein) and 35S:CaM4-MYC/35S:PCaP1-YFP (yellow fluorescent protein) and the negative control 35S:CaM4-MYC/35S:YFP were transiently transformed into tobacco (Nicotiana banthamiana) leaves. Agrobacterium cells containing the expression vectors were washed and resuspended in the induction medium (10 mM MES, 0.5% MS, 2% sucrose, and 200 μM acetosyringone) and were then infiltrated into young leaves of 4-week-old tobacco plants. The tobacco plants were then grown at 22 °C under a 16/8-h light/dark photoperiod. After 40-48 h, the infiltrated leaves were sampled and total protein was extracted for co-immunoprecipitation (Co-IP) assays, which were performed as described previously (Ding et al., 2015) . Total proteins were extracted from transgenic tobacco leaves and incubated with anti-MYC beads (Sigma). The immunoprecipitates were separated on 8% SDS-PAGE gels, and the proteins were probed with corresponding antibodies. All signals were visualized using an Odyssey infrared imaging system (LI-COR Biosciences).
Histochemical GUS staining and activity assays
GUS staining was performed according to the method of Jefferson (1987) . Plants were incubated in staining buffer at 37 °C for 1-12 h and then the stained tissues were washed three times with 70% ethanol to remove chlorophyll. GUS activity was quantified according to the method of Jefferson (1987) . Briefly, the tissues were ground in liquid nitrogen and crude extracts were prepared with extraction buffer, after which GUS enzyme activity was assayed using 4-methylumbelliferyl-β-D-glucoronide (Sigma) as the substrate.
Accession numbers
Sequence data from this study can be found in the Arabidopsis Genome Initiative database under the following accession numbers:
Results
CaM4 is involved in freezing tolerance in Arabidopsis
Freezing tolerance is an important trait for plants living in areas with sub-zero temperatures in winter. Freezing tolerance is Ca 2+ -dependent at the cellular and tissue levels (Yamazaki et al., 2008) . As the most important Ca 2+ sensor, CaM is heavily involved in signal transduction in Arabidopsis. The binding of Ca 2+ to CaM enables it to activate various target enzymes and thereby to regulate many physiological processes. To test whether AtCaM played a role in low-temperature tolerance, we examined the freezing sensitivity of the T-DNA insertion mutants cam2 (SALK_114116), cam3 (SALK_001357), and cam4 (GABI_309E09). The cam4 plants showed an increased tolerance to freezing compared with the other cam mutants ( Supplementary Fig. S1 ). To confirm that the deletion of AtCaM4 caused the difference in freezing sensitivity, we generated complemented transgenic plants (AtCaM4::AtCaM4-GUS/cam4) ( Supplementary Fig. S2 ) and analysed their sensitivity to freezing. For the non-acclimated (NA) freezing treatment (10-d-old plants treated at -5 °C for 1.5 h) followed by 7 d of recovery at 22 °C, the cam4 mutant showed an increased survival rate of 89.2% compared with 63.5% in wild-type Col-0 (Fig. 1 ). For the cold-acclimated (CA) freezing treatment (4 °C for 4 d followed by treatment at -8 °C for 2 h), the cam4 plants had a higher survival rate (63.2%) than the wild-type (46.6%). In comparison, the two complemented transgenic plants (3-6 and 6-8) had similar survival rates under both NA (64.1% and 59.9%, respectively) and CA conditions (53.7% and 57.3%, respectively) to the wild-type (NA, 63.6%; CA, 46.6%) (Fig. 1) . These results indicated that expression of AtCaM4 could successfully rescue the cam4 mutant phenotype. Therefore, AtCaM4 may be involved in freezing tolerance in Arabidopsis.
AtCaM1 and AtCaM4 are specifically induced by low temperatures
Seven distinct genes in Arabidopsis encode AtCaMs. To determine which ones responded to cold exposure, we examined all seven, AtCaM1-7, in 10-d-old plants using different treatment periods (4 °C for 0, 6, 12, 24, 48, 72 , and 96 h). Real-time qRT-PCR using specific primers ( Supplementary  Fig. S11 ) showed that the expression levels of AtCaM1 and AtCaM4 increased significantly with time ( Fig. 2) , reaching their highest values at 48 h (double the value of the control at 0 h); furthermore, their expression levels remained high thereafter. In contrast, no obvious differences were detected in the expression of the other AtCaM genes, except for a slight decline in AtCaM3. Thus, AtCaM4 and AtCaM1 were specifically induced by cold stress compared with other AtCaM genes.
Alternatively spliced transcripts of AtCaM1 and AtCaM4 have been identified; according to the National Center for Biotechnology Information there are three splice variants of AtCaM1 (CaM1.1, CaM1.2, and CaM1.3) and two isoforms of AtCaM4 (CaM4.1 and CaM4.2). To test whether these isoforms were responsive to cold stress, we detected the mRNA levels of the variants using semi-quantitative RT-PCR with specific primers (Supplementary Fig. S11 ). Only the typical isoforms of these genes, CaM1.1 and CaM4.1, were greatly induced following treatment at 4 °C, whereas non-typical isoforms such as CaM1.2, CaM1.3, and CaM4.2 could barely be detected before or after cold-stress treatment ( Supplementary  Fig. S3 ). These results showed that out of all of the AtCaM genes investigated, only CaM1 and CaM4 were induced by cold stress.
CAM4 plays a major role in freezing tolerance compared with CAM1
To identify the roles of AtCaM1 and AtCaM4 in cold-stress tolerance, we used a CaM1 RNAi transgenic line (cam1Ri) and a double-mutant (cam4/cam1Ri) ( Supplementary Fig. S2 ). A phenotypic analysis showed no obvious differences in freezing sensitivity in the cam1Ri plants compared with the Fig. 1 . The Arabidopsis cam4 mutant exhibited enhanced freezing tolerance both with and without cold-acclimation. (A) Freezing sensitivity analysis of 10-d-old cam4 mutant and complemented transgenic (P CaM4 ::CaM4/cam4) plants subjected to freezing stress (-5 °C for 1.5 h) followed by 7 d of growth at 22 °C. (B) Survival rates with no acclimation (NA) followed by freezing stress of -5 °C for 1.5 h) and with cold-acclimation (CA) followed by freezing stress of -8 °C for 2 h. Data are means (±SD) of at least three replicates. Significant differences relative to the wild-type were determined using Student's t-test: **P<0.01. (This figure is available in colour at JXB online.)
wild-type, whereas cam4 and cam4/cam1Ri exhibited similarly enhanced freezing tolerance under both NA and CA conditions (Fig. 3) . For example, under NA conditions (no acclimation, treatment at -5 °C for 1.5 h) the following survival rates were observed: cam4, 65.1%; cam1Ri, 41.6%; cam4/cam1Ri, 65.5%; and wild-type, 50.0%. Similar results were observed when plants were treated under CA conditions (acclimation at 4 °C for 4 d followed by freezing at -8 °C). In comparison, the survival rate of the cam4 single-mutant was similar to that of the cam4/cam1Ri double-mutant (Fig. 3A, B) . We also examined the relative increase in dry weight after freezing stress followed by 7 d of recovery. The cam4 and cam4/ cam1Ri mutants exhibited similar increases in biomass production compared with wild-type plants under NA (-5 °C/1 h, -5 °C/1.5 h, and -5 °C/2 h) and CA (-8 °C/1 h, -8 °C/2 h, and -8 °C/3 h) conditions. By contrast, there were no obvious differences between the wild-type and cam1Ri (Fig. 3C) . Thus, the cam4 and cam4/cam1Ri mutants grew better than the wild-type. These results indicated that cam4 exhibited almost the same freezing tolerance as cam4/cam1Ri, whereas the freezing tolerance of cam1Ri was similar to that of the wild-type.
Relative electrolyte leakage is an indicator of damage to the cell membrane integrity caused by cold stress. We measured changes in electrolyte leakage in wild-type Col-0, and the cam4, cam1Ri, and cam4/cam1Ri mutant plants. The results indicated that the relative leakage values were lower in cam4 (75.3%) and the cam4/cam1Ri double-mutant (74.1%) than in the wild-type (84.3%) and cam1Ri (85.4%) plants following treatment at -5 °C (Fig. 3D ). These data indicated that cam4 and cam4/cam1Ri exhibited relative less cell membrane damage, which may have resulted in enhanced freezing tolerance.
Thus, knockdown of CaM1 mRNA expression by RNAi did not affect the freezing tolerance of the plants, whereas knockout of CaM4 caused enhanced freezing tolerance to a degree that was nearly identical to that in the cam4/cam1Ri double-mutant. Therefore, among the members of the AtCaM gene family in Arabidopsis, AtCaM4 plays a major role in freezing tolerance.
CBF and COR gene expression in cam4/cam1Ri mutant and wild-type plants
In Arabidopsis, cold stress usually leads to the rapid expression of CBF genes followed by several COR genes. To determine whether CBF or COR gene expression was affected in the cam4/cam1Ri mutant, we examined the relative mRNA Fig. 2 . Expression analysis of AtCaM family genes under low temperature stress in Arabidopsis. Relative quantitative real-time PCR was used to determine the expression of CaM1-7 genes in 10-d-old wild-type (Col-0) plants following cold stress at 4 °C for 0-96 h). AtActin7 was used as the internal control. Data are means (±SD) of at least three replicates. Significant differences relative to the value at 0 h were determined using Student's t-test: *P<0.05, **P<0.01. levels of three CBF genes (CBF1, CBF2, and CBF3) and six COR genes (KIN1, COR47, RD29A, COR15b, COR8.6, and SuSy) in cold-treated plants. Real-time PCR showed that CBF1, CBF2, and CBF3 were greatly induced in plants treated at 4 °C for 6 h, after which their expression decreased (Fig. 4) ; however, no obvious differences in CBF gene expression were found between the wild-type and cam4/cam1Ri under cold stress. For the COR genes, only KIN1, COR15b, and COR8.6 exhibited obviously enhanced expression under prolonged treatment (≥24 h) in cam4/cam1Ri plants compared to the wild-type, whereas no differences were observed in the expression of the other genes under the same conditions. These results implied that deletion of AtCaM4 improved the freezing tolerance in Arabidopsis by increasing the expression of individual COR genes (e.g. KIN1) rather than through the CBF pathway.
Identification of CAM4-interacting proteins by IP and MS
CaM is a major Ca 2+ sensor in eukaryotes. Upon binding to Ca 2+ , CaM modulates the activity of a wide range of downstream proteins. To explore the mechanism by which CaM4 affected freezing tolerance, we captured candidate CaM4-interacting proteins by immunoprecipitation (IP) and subsequently identified them by MS. A CaM4-FLAG fusion protein driven by the 35S promoter was expressed in wild-type plants (AtCaM-OX). The removal of divalent cations (using EGTA) from the medium causes CaM to migrate slowly, giving it a greater apparent molecular weight than it has in the presence of Ca 2+ (Brady et al., 1981) . In our experiments, extracted AtCaM4-FLAG incubated with EGTA migrated more slowly than the same protein treated with Ca 2+ by SDS-PAGE (Fig. 5A) . Therefore, CaM4-FLAG had the same Ca 2+ -binding activity as wild-type CaM.
Recombinant AtCaM4-FLAG was purified by affinity chromatography. Anti-FLAG beads were used to capture CaM4 complexes from among the proteins extracted from 10-d-old plants that had been subjected either to cold stress or to normal conditions. The proteins eluted from the anti-FLAG beads were separated by SDS-PAGE and each lane was cut into 11 sections ( Supplementary Fig. S4 ) for identification by MS. We performed this experiment three times and found that most of the identified proteins were detected more than once (Supplementary Table S1 ), indicating that our IP procedure was very reliable. The third time we repeated the experiment, 188 proteins were identified, 30 of which were found to exist specifically in cold-stressed plants, 43 of which were identified in untreated plants, and 115 of which were identified in both cold-treated and untreated plants (Fig. 5B ).
To verify that these immunoprecipitated proteins were CaM-interacting proteins, we examined the CaM-binding domain (CaMBD) in each of the 188 proteins identified in the third experiment using the Calmodulin Target Database (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence. html). This analysis indicated that the proteins possessed putative CaMBD domains; for example, PATELLIN1 (PATL1) and PLASMA-MEMBRANE ASSOCIATED CATION-BINDING PROTEIN 1 (PCaP1) contained at least one CaM binding site with high normalized scores (Fig. 5D ). Among the identified proteins, 167 (90%) had at least one hypothetical CaM-interacting domain; only 19 lacked a typical CaMinteracting domain in the shared component (Fig. 5C ). These data indicated that most of the proteins we identified were probably CaM-interacting proteins.
We next compiled a list of candidate proteins whose identified unique peptide number was ≥3 or which were specifically identified from the cold stress-treated sample, and performed a Gene Ontology analysis (Table 1) . We predicted their functions based on the conserved domains present in the proteins. The most commonly identified proteins were involved in metabolism, lipid binding, protein synthesis, and protein modification. Notably, the two membrane-associated proteins, PATL1 and PCaP1 (also named MDP25), were represented by 45 and 44 unique peptides, respectively, in the and the cam4/cam1Ri mutant subjected to cold stress (4 °C) for 0-72 h. AtActin7 was used as the internal control. Data are means (±SD) of at least three replicates. Significant differences relative to the wild-type were determined using Student's t-test: *P<0.05, **P<0.01. third experiment (under cold stress). A glutamate-ammonia ligase involved in protein metabolism, GLUTAMATE DECARBOXYLASE 2 (GAD2), was identified from 38 peptides in the third experiment. Metabolic enzymes, including FRUCTOSE-BISPH OSPHATE ALDOLASE 6 (FBA6), ASPARTATE AMINOTRANSFERASE 2 (ASP2), PHOSPHOSERINE AMINOTRANSFERASE 2 (PAST2), and GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A SUBUNIT 2 (GAPA2), were specifically identified in the cold stress-treated samples.
ATCAM4 interacts with patl1 and PATL1 plays a negative role in tolerance to freezing stress
We selected those candidate AtCaM4-binding proteins that had the highest unique peptide numbers for further study. A pattern assay of cold-induced expression showed that PATL1 (Fig. 6A) , PCaP1/MDP25, FBA6, and GAD2 ( Supplementary Fig. S5 ) were induced by cold treatment. Moreover, their cold-induced expression levels were similar to that of AtCaM4 (Fig. 2) . To confirm their possible interactions, we observed the subcellular localization of the proteins as YFP fusions expressed transiently under the control of the 35S promoter in tobacco. The results showed that the cellular distributions of PATL1, PCaP1/ MDP25, and FBA6 were similar to that of AtCaM4 (Fig. 6B,   Supplementary Fig. S6 ). Co-IP assays using transgenic tobacco leaves indicated that PCaP1/MDP25 (Supplementary Fig. S7 ) and PATL1 (Fig. 6C) interacted strongly with AtCaM4 in vivo. Thus, the two membrane-associated proteins, PCaP1/MDP25 and PATL1, were probably the target of CaM4 in the freezingstress response. To determine their functions during freezing stress, we obtained transfer DNA (T-DNA) insertion mutants for both genes. Using confirmed knockout T-DNA mutants ( Supplementary Fig. S8 ), we examined the freezing sensitivity of patl1 (SALK-080204C), pcap1-1 (SALK-241-A08), and pcap1-2 (SALK-022955) mutant plants. The results showed that no obvious stress-tolerance phenotype was observed in pcap1-1 and pcap1-2 under freezing stress conditions for either the NA or CA treatments (Supplementary Fig. S9 ). In contrast, the patl1 mutant exhibited an improved survival rate (Fig. 6D, E ) and increased dry weight (Fig. 6F) following NA (no acclimation, then -5 °C/1 h, -5 °C/1.5 h, or -5 °C/2 h) and CA (cold-acclimation, then -8 °C/1 h, -8 °C/2 h, or -8 °C/3 h) and 7 d of recovery growth. Therefore, like AtCaM4, PATL1 may also negatively regulate freezing tolerance in Arabidopsis. Given their similar cold-induced expression patterns, subcellular localization patterns, and negative regulation under conditions of freezing stress, we conclude that PATL1 is one of the possibly many target proteins of AtCaM4 in the response to freezing stress. Further, we speculate that AtCaM4 
Discussion
Low temperatures cause rapid, transient elevations in the free cytoplasmic Ca 2+ concentration of plant cells. As a second messenger in cold-signaling, Ca 2+ is required for cold tolerance in Arabidopsis (Braam and Davis, 1990; Yang et al., 2010 -CaM mediates reactions that regulate plant growth and responses to environmental stress through interacting proteins (Zielinski, 1998; Clapham, 2007) . However, genetic evidence showing the involvement of CaM in cold tolerance is lacking.
In our present study, based on genetic analyses of AtCaM genes, AtCaM4 was identified as the isoform involved in lowtemperature tolerance in Arabidopsis. The deletion of AtCaM4 resulted in enhanced cold tolerance in cam4 mutant plants, and the mutant phenotype could be rescued by the expression of AtCaM4 driven by its native promoter in cam4 plants (Fig. 1 ). There are seven AtCaM genes in the Arabidopsis genome (McCormack and Braam, 2003) and among them, only AtCaM1 and AtCaM4 were induced by cold-stress treatment (Fig. 2) . In addition, only the typical transcript isoforms, CaM1.1 and CaM4.1, were greatly induced following cold treatment, whereas non-typical isoforms such as CaM1.2, CaM1.3, and CaM4.2 could hardly be detected either before or after treatment ( Supplementary Fig. S3 ). We examined the phenotype of the AtCaM1-knockdown mutant cam1Ri, the AtCaM4 deletion mutant cam4, and the double-mutant cam4/cam1Ri under freezing stress with (CA) and without (NA) cold-acclimation , but (confusingly) the cam4/cam1Ri (E) Survival rates for patl1 and WT plants with no acclimation (NA) followed by freezing stress at -5 °C for 1-2 h or with cold-acclimation (CA; at 4 °C for 4 d) followed by freezing stress at -8 °C for 1-3 h. Survival was determined 5 d after the freezing stress was applied. (F) Relative increases in biomass for NA and CA plants subjected to freezing stress as described in (E) determined after 5 d of recovery growth. The increase in biomass was relative to the dry weight of 10-d-old plants prior to the freezing treatments. Data are means (±SD) of at least three replicates. Significant differences relative to the wild-type were determined using Student's t-test: *P<0.05, **P<0.01, ***P<0.001. (This figure is available in colour at JXB online.) double-mutant plants exhibited an increase in tolerance that was similar to that seen in cam4, while cam1Ri showed no obvious changes in freezing tolerance compared with the Col-0 wild-type (Fig. 3) . Thus, it appears that AtCaM4 plays a major role in freezing tolerance. Because the specific temporal and spatial expression patterns of each CaM family gene may cause CaM isoforms to have individual functions, we investigated the expression patterns of AtCaM4 and AtCaM1. The genomic DNA sequences of AtCaM1 and AtCaM4 (~3 kb, including the 2-kb 5´-untranslated region, UTR) were transformed into wild-type plants to generate P AtCaM4 ::AtCaM4-GUS and P AtCaM1 ::AtCaM1-GUS transgenic lines (Supplementary Fig. S2 ), but no obvious differences were found between the AtCaM4 and AtCaM1 expression patterns (Supplementary Fig. S10 ). These results were consistent with that of a previous study showing that AtCaM family genes are highly constitutively expressed in Arabidopsis (McCormack and Brown, 2003) . In addition, GUS activity assays showed that the protein levels of AtCaM4 and AtCaM1 were nearly unchanged under low-temperature treatment (4 °C) ( Supplementary Fig. S10B ). We noticed a discrepancy between the mRNA and protein levels of AtCaM4 and AtCaM1 under conditions of cold stress: the mRNA levels detected by qRT-PCR in the wild-type plants was obviously increased by cold (Fig. 2, Supplementary Fig. S3B ), while the protein levels detected in GUS activity assays using transgenic plants appeared to be unchanged ( Supplementary Fig. S10B ). One possible explanation is modification of the expression pattern caused by the fusion of GUS. Although it is a widely used reporter gene in plants, the possibility that GUS fusion affects the expression patterns or functions of proteins cannot be excluded. Another possible explanation is that the lack of the 3´-UTR and enhancer elements in the transformed artificial gene altered the cold sensitivity of the transgenic plants.
It is not fully understood why multiple CaM genes encode the same or similar proteins in plants. Although the possibility of gene redundancy cannot be ruled out, accumulating evidence suggests that each CaM gene has functional significance (Yang et al., 2010) . For example, a loss-of-function in AtCaM2 affects pollen germination (Landoni et al., 2010) , while AtCaM3 affects thermotolerance in Arabidopsis (Zhang et al., 2009; Xuan et al., 2010) , and AtCaM7 is involved in the induction of light responses (Kushwaha et al., 2008) . Zhou et al. (2016) reported that AtCaM1 and AtCaM4 play positive roles in Arabidopsis by promoting nitric oxide production and salt resistance. Here, we found that AtCaM4 played a negative role in freezing tolerance in Arabidopsis. Thus, AtCaM4 functions differently in response to cold and salt stress.
It has been reported that CBL1, a calcineurin B-like calcium sensor, functions as a positive regulator of salt-signaling and a negative regulator of cold-signaling in Arabidopsis. In the cbl1 mutant, disruption of CBL1 function results in reduced tolerance to salt and drought, but an enhanced tolerance to freezing (Cheong et al., 2003) . It is possible that in response to abiotic stress, AtCaM4 functions in a similar manner to CBL1. We propose that AtCaM4 and CBL1 serve as points of crosstalk between the salt-and cold-signaling pathways. During exposure to cold, salt, and drought, osmotic stress also occurs.
A number of metabolic pathways are altered for osmotic adjustment in response to drought or hyperosmotic stress caused by high salt or freezing. Moreover, salt, drought, and cold often activate the expression of the same stress-response genes (Knight and Knight, 2001 ). For example, KIN1 (studied here) is induced by both salt and cold. But how can a protein serve as both a positive and a negative regulator in closely related signaling transduction pathways? It is widely accepted that CaM, as a small Ca 2+ sensor, plays several roles by interacting with, and regulating the functions of, multiple target proteins (Luan et al., 2002) . Thus, it is possible that AtCaM4 interacts with different target proteins to differently regulate salt-or cold-signaling, or it may interact with the same target but function differently in response to salt or cold exposure in Arabidopsis. Further studies on AtCaM4 and its interacting proteins will help to uncover the regulatory mechanisms that govern these stress responses.
We examined the expression of three CBF genes and six COR genes. The expressions of CBF1, CBF2, and CBF3 were significantly induced after short-term cold treatment, but no differences were seen between cam4/cam1Ri and the wild-type (Fig. 4) . In contrast, the expression levels of KIN1, COR15b, and COR8.6 were increased in cam4/cam1Ri plants compared with the wild-type after cold treatment. Moreover, high levels of induction of these genes occurred when plants were treated for a prolonged time (≥24 h; Fig. 4 ). This time-course of expression was consistent with the expression pattern of AtCaM4 after cold stress treatment (Fig. 2) . There are conflicting reports about the roles of CaMs in the regulation of COR gene expression in response to low temperatures. It has been reported that CaMs play positive roles in the induction of COR gene expression at low temperatures in Arabidopsis (Monroy and Dhindsa, 1995; Knight et al., 1996) . In contrast, CaM3 negatively regulates the low temperature-induced expression of KIN1/2 and LT178 (Townley and Knight, 2002) . In our study, based on a phenotype analysis of cam mutants, we found that AtCaM4 had a long-term negative effect on the response of plants to freezing via a CBF-independent pathway.
CaM displays considerable functional flexibility due to its ability to bind to different targets, often in a tissue-specific manner. More than 300 CaM-binding proteins are known, including transporters and channels, metabolic enzymes, transcription factors, myosins, and various proteins of undefined function (Reddy et al., 2011) . Molecular approaches (e.g. screens for protein-protein interactions) have proved to be powerful tools for isolating CaM-binding proteins. We captured 188 CaM4-interacting proteins using IP and subsequently identified them by MS. Overall, 90% of them had at least one hypothetical CaM-interacting domain (Fig. 5) . Among them were membrane-binding proteins, metabolic enzymes, and protein synthesis-related proteins (Table 1) , but only PATL1, PCaP1/ MDP25, FBA6, and GAD2 were induced by cold, and their cold-induced expression patterns were consistent with the expression pattern of AtCaM4 (Fig. 2, Supplementary Fig. S5 ). Co-IP assays confirmed that AtCaM4 interacted with PATL1 and PCaP1/MDP25 in vivo (Fig. 6, Supplementary Fig. S7 ). Moreover, our phenotype analysis indicated that the patl1 mutant exhibited enhanced freezing tolerance (Fig. 6) , while the pcap1 (mdp25) mutant showed no difference compared with wild-type plants (Supplementary Fig. S9 ). Thus, we speculate PATL1 is the target protein of AtCaM4 in cold-signaling. PATL1 is a plant Sec14-like protein that localizes to the plasma membrane and the cell plate (Peterman et al., 2004) . PATL1 reportedly plays a role in vesicle trafficking during cell-plate expansion or maturation in plant cytokinesis (Peterman et al., 2004; Rutter and Innes, 2017) .
Given these data, we conclude that PATL1, a novel CaMbinding protein, plays a negative role in freezing tolerance in Arabidopsis. It is known that CaM has a diverse set of target proteins and plays multiple roles in regulation of plant growth and stress responses, including vesicle trafficking and membrane fusion. In Leishmania, CaM binds to myosin XXI to regulate lipid cargo transport (Batters et al., 2014) . It has also been reported that CaM promotes N-BAR domain-mediated membrane constriction and endocytosis (Myers et al., 2016) . CaM is an important player in the regulation of SNAREmediated membrane fusion in neuroexocytosis (Di Giovanni et al., 2010) . In plants, low temperatures cause a reduction in plasma membrane integrity. Resealing of the membrane requires vesicular trafficking that includes both endocytosis and exocytosis (McNeil et al., 2003; Tam et al., 2010) . It has been observed that microvesicles in the vicinity of the plasma membrane cause vesicle-vesicle fusion under freezing conditions (Fujikawa and Takabe, 1996) . SYT1, a synaptotagmin-like protein, is involved in regulation of freezing tolerance by resealing the damaged plasma membrane in Arabidopsis (Yamazaki et al., 2008) . Notably, we detected a reduced ion leakage in cam4 plants, indicating improved membrane integrity under freezing stress compared with the wild-type (Fig. 3D) . Therefore, we speculate that AtCaM4 is involved in membrane resealing or modification, possibly by interacting with PATL1.
The large number and unique structural composition of CaM-binding proteins and the diversity among CaM target proteins reflect the complexity of CaM signaling, which helps plants adapt to a changing environment (Reddy et al., 2011; Poovaiah et al., 2013) . Our study, which indicates that AtCaM4 negatively regulates tolerance to freezing stress, possibly by interacting with PATL1, provides insights into the mechanisms of low-temperature signaling. Further detailed study will clarify the function of CaM4 in the response of plants to low temperatures.
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